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D
NA is under constant assault from damaging agents that produce a vast array of lesions. Left unrepaired, these lesions have the potential to alter cellular function and compromise the health of the organism, leading to degenerative diseases, cancer, and premature aging (1) (2) (3) (4) (5) . Consequently, interindividual variations in DNA repair capacity (DRC) are thought to contribute to the fact that people have different susceptibilities to these diseases (6) (7) (8) (9) (10) . Furthermore, the efficacy of cancer chemotherapy with DNA-damaging agents depends on the DRC of the targeted cells (11) . Thus, DRC measurements potentially might be used to personalize both treatment and prevention of disease.
We define DRC as the basal ability of cells to eliminate DNA damage from the genome; however, it should be noted that some DRC assays, such as mutagen sensitivity assays, also may reflect changes in gene expression and the activation of non-DNA repair pathways upon treatment of cells with DNA-damaging agents. A wide variety of methods are used to estimate DRC. Many studies focus on indirect assessments of DRC through transcriptional profiling, proteomics, and single-nucleotide polymorphism (SNP) screens (12) (13) (14) (15) (16) . However, SNPs in DNA repair genes are not informative if the relevant gene is not expressed. Likewise, gene expression data are not informative for cases in which the gene product is inactive or cannot be assembled into a functional complex. More direct measurements of DRC in vitro using cell lysates have overcome some of this complexity by integrating these factors into a single readout (17) (18) (19) (20) ; however, these methods require separate assays for measurements in more than one repair pathway, and may not be representative of DRC in cells. Measuring the consequences of DNA repair in intact cells by monitoring sister chromatid exchanges, chromosome aberrations, or DNA strand breaks by comet assays also integrates complexity into a single readout, but it requires labor-intensive analyses that make it refractory to implementation in a clinical setting (21) (22) (23) . Although recently developed high-throughput comet assays provide an excellent alternative, they are limited to DNA damage that leads to, or can be converted to, DNA strand breaks (24) .
Host cell reactivation (HCR) assays report the ability of cells to repair DNA damage that blocks transcription of a transiently transfected reporter gene (8, 9, (25) (26) (27) (28) . Repair of the transcription-blocking lesion reactivates reporter gene expression, thus providing a quantitative readout for DRC. However, HCR assays generally cannot report repair of DNA lesions that do not block the progression of the RNA polymerase, and current methods for measuring DRC are limited further by the need for separate experiments to measure repair capacity in more than one pathway, or at more than one dose of DNA damage. Herein, we introduce a new high-throughput, fluorescence-based multiplex HCR assay (FM-HCR) for measuring DRC in living cells Significance DNA, the blueprint of the cell, is constantly damaged by chemicals and radiation. Because DNA damage may cause cell death or mutations that may lead to diseases such as cancer, cells are armed with an arsenal of several distinct mechanisms for repairing the many types of DNA damage that occur. DNA repair capacity (DRC) varies among individuals, and reduced DRC is associated with disease risk; however, the available DRC assays are labor intensive and measure only one pathway at a time. Herein, we present powerful new assays that measure DRC in multiple pathways in a single assay. We use the assays to measure interindividual DRC differences and inhibition of DNA repair, and to uncover unexpected error-prone transcriptional bypass of a thymine dimer.
that overcomes these limitations. We first present a multicolor fluorescence assay that simultaneously measures DNA repair at multiple doses of DNA damage. We then demonstrate simultaneous DRC measurements for up to four repair pathways in human and rodent cells, using reporters for the repair of both transcription-blocking lesions and lesions that are bypassed by RNA polymerase. To demonstrate potential applications of FM-HCR to population studies, we measure interindividual DRC differences in five pathways in a panel of 24 lymphoblastoid cell lines derived from apparently healthy individuals. We also show that FM-HCR may be used to identify agents that inhibit or enhance DRC. Finally, to increase throughput further and to establish a single generalized detection method for the repair of any lesion that alters transcription of a reporter gene, we added to the HCR reporter protein paradigm, a reporter transcript assay that leverages the extraordinary power of next-generation sequencing (HCR-Seq). We use HCR-Seq to measure 20 independent reporter signals in a single assay and detect errorprone transcriptional bypass at a bulky DNA lesion in human cells. FM-HCR and HCR-Seq provide rapid, high-throughput methods of assessing DRC in multiple pathways and represent a major improvement over standard methods currently used in basic, clinical, and epidemiological research addressing the relationship among DNA damage, DNA repair, and disease susceptibility.
Results
Validation of FM-HCR. FM-HCR was used to assay DRC in 55 cell lines (Table 1) . Expression levels of five fluorescent reporter proteins were quantitated simultaneously using flow cytometry (Fig. S1 ). Use of 96-well electroporation plates reduced the time required for transfection to less than an hour per plate, and a BD High Throughput Sampler permitted data acquisition in less than 10 min active time.
In vitro treatment of plasmids with UV-C light resulted in a dose-dependent reduction in reporter expression. When each of the five fluorescent reporter plasmids was treated with a unique dose of UV-C (plasmid combination 1 in Table 2 ) and subsequently cotransfected into cells, a dose-response curve was generated from a single experiment that required only two transfections (Fig. 1A) . Dose-response curves spanning up to three decades of percent reporter expression (%R.E.) were obtained for seven lymphoblastoid cell lines ( Fig. 1 B and C) , chosen because they were characterized for their capacity to repair UV-irradiated plasmid DNA by another, much more laborious method more than 20 y ago (8) . Differences in DRC were most pronounced at the highest dose to plasmid (800 J/m 2 ), with %R.E. values varying over a range of about 100-fold among the cell lines. As expected, the highest DRC was observed for lymphoblastoid cell lines derived from apparently healthy individuals, referred to as wild type (WT) ( Table 1) . Moderately reduced DRC was observed for two xeroderma pigmentosum group C (XPC) cell lines, and severe defects were evident for xeroderma pigmentosum group A (XPA) and xeroderma pigmentosum group D (XPD) cell lines. Between 18 and 40 h, %R.E. increased for most cell lines ( Fig. 1 B and C) , consistent with time-dependent repair of transcription blocking lesions.
The FM-HCR data presented in Fig. 1C reproduce those from the previous study that also monitored transcription inhibition on UV-damaged plasmids 40 h after transfection (8) . In that study, chloramphenicol acetyl transferase (CAT) levels in cellfree extracts were used as the reporter. Two complementary methods were used to compare our data with the historical data. First, the percent CAT expression (%CAT) reported at a single dose of UV irradiation (300 J/m 2 in ref. 8) was highly correlated (R 2 = 0.92, P = 0.0006) with %R.E. at a single dose (400 J/m 2 ) in the present study (Fig. 1D) . The relative repair capacity of multiple cell lines also can be compared by calculating the parameter D o , corresponding to the dose at which HCR falls below 37% R.E (29) . The D o values calculated from our experimental data also were highly correlated with the historical D o values (R 2 = 0.92, P < 0.0001) (Fig. 1E ).
To confirm that the dose-response curves in Fig. 1 B and C could be obtained independently of the choice of fluorescent reporters, the experiment was repeated with the plasmids shuffled with regard to which plasmid received a particular UV dose (plasmid combination 2 in Table 2 ). The resulting dose-response curves obtained at 18 and 40 h are presented in Fig. 1 F and G, respectively. Once again, the FM-HCR data collected at 40 h reproduce the historical data (8) (Fig. 1H) . Likewise, the FM-HCR data collected with plasmid combination 2 reproduce those obtained using plasmid combination 1 (Fig. 1I) .
FM-HCR assays also were carried out on seven primary untransformed skin fibroblast cell lines and compared with Epstein-Barr virus-transformed lymphoblastoid cell lines derived from the same individuals (represented as individuals i-vii in Table 1 ); cells were from four apparently healthy individuals and three xeroderma pigmentosum patients. A similar pattern of dose-response curves was obtained for both fibroblasts and lymphoblastoid cells ( Fig. 1 J and K, respectively) . Overall, absolute nucleotide excision repair (NER) capacity measured in fibroblasts appeared to be somewhat higher than that in the lymphoblastoid cell lines; however, a comparison of DRC measured at 800 J/m 2 indicated that NER phenotype is strongly correlated (R 2 = 0.94, P = 0.0003) between the two cell types (Fig. 1L) . (Fig. S2) . For MMR assays, a G:G mismatch-containing plasmid was constructed; it previously was shown that G:G mismatches are repaired inefficiently in extracts from MMR-deficient cells (30) , and we confirmed this observation in MMR-deficient HCT116 cells and MMR-proficient HCT116+3 cells that were complemented with human chromosome 3 ( Fig. S2D) , as well as MMR-deficient MT1 cells that lack MSH6, and MMR-proficient TK6 cells (Fig. 2) . The MMR reporter expresses a nonfluorescent protein unless a repair event restores a cytosine in the transcribed strand at the site of the mismatch, leading to WT orange fluorescent protein.
Because the plasmid lacks a strand discrimination signal, the theoretical upper limit of reporter expression (relative to a similarly constructed WT homoduplex control) is 50%. For direct reversal of O DRC for three pathways, namely NER, MMR, and the direct reversal of O 6 -MeG (MGMT) was measured in five lymphoblastoid cell lines (Fig. 2) . DRC for each pathway was first measured in separate experiments. The severe NER defect for the XPA-deficient GM02344 cell line was reproduced, whereas relatively high NER capacity was confirmed for the four other cell lines with no known NER defect (GM01953, MT1, TK6, and TK6+MGMT). The lymphoblastoid cell line MT1, known to be deficient for MMR (32) , expressed the MMR reporter at a level up to 10-fold lower than that of the other four cell lines that have no known MMR defects. As expected, the O 6 -MeG directreversal reporter was highly expressed in MT1 and TK6, owing to the absence of MGMT. Expression of the same reporter was reduced nearly 1,000-fold in TK6+MGMT cells expressing a high level of MGMT, and was reduced ∼8-fold and 250-fold in GM01953 and GM02344, respectively, both of which express active MGMT, but at different levels (33) .
One of our goals is to increase the throughput of DRC assays by measuring the activity of multiple DNA repair pathways in a single assay. To test whether our DRC reporters could be combined in a single experiment without affecting the accuracy 
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To facilitate comparison of data, the seven individuals from whom both lymphoblastoid and fibroblast cultures were derived have been assigned indexes i through vii. The numbers in parentheses (1-24) correspond to labels in Fig. 4A ; five-digit GM identifiers were assigned by the Coriell Cell Repository.
of the assay, we cotransfected three reporter plasmids, each targeting a different pathway, along with an internal transfection control (plasmid combination 3 in Table 2 ). This yielded DRC profiles for NER, MMR, and MGMT nearly identical to those obtained when the reporters were transfected individually in separate experiments (Fig. 2B ).
Simultaneous Measurement of Four DNA Repair Pathways, Including BER and NHEJ. We next sought to measure DRC in four pathways including base excision repair (BER) or double-strand break (DSB) repair (Fig. 3 ). To add a fourth pathway to the FM-HCR in Fig. 2 , a blue fluorescent protein (BFP) reporter for repair of a doublestrand break by the nonhomologous end joining (NHEJ) pathway was developed ( Fig. 3A and Fig. S3 ). This assay was validated by using the M059J and M059K cell lines, which were derived from a single glioblastoma (34) . The M059J cell line is deficient for the DNA-dependent protein kinase catalytic subunit (DNA PKcs) required for NHEJ (35) . As expected, M059J cells expressed ∼40-fold lower levels of the NHEJ reporter relative to the WT M059K cells when the reporter was transfected separately from other reporters (Fig. 3B) . To test whether DRC could be measured in four pathways simultaneously, we cotransfected the NHEJ reporter with the reporters described above for NER, MMR, and MGMT (plasmid combination 4 in Table 2 ). As with the three-pathway measurements described above, the cotransfected reporters yielded DNA repair profiles nearly identical to those of the separately transfected reporters ( Fig. 3 B and C). MMR and MGMT capacity was similar in the two cell lines; however, NER capacity was reduced in M059J by approximately sevenfold relative to M059K. It was observed previously that the XPC and ERCC2 genes are overexpressed in M059J vs. M059K cells, and that the M059J cells are slightly more sensitive than M059K cells to UV irradiation (36) . Inefficient NER in the presence of excess XPC protein also has been noted in vitro (37) .
To demonstrate the versatility of FM-HCR further, we performed an assay including reporters for BER, NER, MMR, and MGMT (Fig. 3D ). An mOrange fluorescent reporter for base excision repair of 8-oxoguanine (8-oxoG) was developed that produces WT mOrange transcripts when RNA polymerase incorporates adenine opposite a site-specific 8-oxoG lesion. Deficient 8-oxoG repair is expected to result in a higher reporter expression. In keeping with this expectation, mouse embryonic fibroblasts (MEFs) deficient for 8-oxoG DNA glycosylase (Ogg1) expressed an ∼20-fold higher level of mOrange than WT MEFs when the reporter was transfected separately from the other reporters (Fig. 3E ). When the 8-oxoG reporter was cotransfected with three other reporters for NER, MMR, and MGMT (plasmid combination 5 in Table 2 ), we once again observed DRC profiles nearly identical to those obtained when the reporters were transfected separately ( Fig. 3 E and F) . MMR and NER capacity were similar in the two cell lines, but MGMT reporter expression was approximately fivefold higher in the WT MEFs. Because the WT MEFs were derived from C57BL/6J mice, the differences in MGMT repair capacity might be a result of the mixed (C57BL/6J and 129S) background of the Ogg1 −/− mouse from which the MEFs were derived (38). Table 2 ) (B) Dose-response curves for seven cell lines 18 h after transfection with plasmid combination 1 ( Table 2) Table 1 . Error bars represent the SD calculated from biological triplicates. See also Fig. S1 .
Analysis of DRC for Five Pathways in a Panel of 24 Cell Lines Derived
from Apparently Healthy Individuals. A previously described assay for repair of a double-strand break by homologous recombination (HR) was incorporated into FM-HCR experiments and was validated using cell lines with known defects in double-strand break repair (Fig. S4) (39) . Assays for NER, MMR, MGMT, HR, and NHEJ capacity (see plasmid combinations 3 and 6) were carried out on a panel of three control cell lines (TK6, MT1, and TK6+ MGMT) and 24 human lymphoblastoid cell lines derived from apparently healthy individuals of diverse ancestry (40) . Each of the 24 cell lines exhibited a unique DNA repair profile (Fig. 4A) , and a range of DRC was observed across the 24 cell lines for each pathway (MGMT, 285-fold; MMR, 4.4-fold; HR, 3.7-fold; NER, 3.2-fold; and NHEJ, 2.1-fold). To further validate the FM-HCR assay for MGMT, transcript levels measured by TaqMan quantitative PCR (qPCR) for the cell lines in Fig. 4A were compared with fluorescent reporter expression. A nonlinear relationship was observed between MGMT FM-HCR %R.E. and transcript levels (not shown); however, log-transformed FM-HCR data correlated extremely well (R 2 = 0.81) with MGMT transcript levels (Fig. 4B) .
Application of FM-HCR to Assays for DRC Inhibition. To further demonstrate the potential applications of FM-HCR, the assay was used to detect inhibition of DRC by metals and a small molecule. Cadmium and arsenic previously were shown to inhibit NER (41, 42) . FM-HCR confirmed NER inhibition in the presence of low-micromolar concentrations of the two metals Table 2 ). Note that the undamaged plasmid (AmCyan) included to control for transfection efficiency is not shown. (Fig. 4C) , whereas no effect on NER was detected in the presence of compound 401, known to inhibit a critical NHEJ factor, namely DNA PK cs (43) . Moreover, compound 401 was shown to inhibit NHEJ in a dose-dependent manner (Fig. 4D) , whereas MMR, NER, and HR were unaffected.
Taken together, the FM-HCR data demonstrate a versatile method for measuring, in a single assay, the repair of multiple DNA damage substrates, with either different doses or different types of damage. Although measuring four DNA repair pathways simultaneously represents a significant advance, the degree of multiplexing possible for the FM-HCR assay depends on the number of fluorescent reporters that can be measured simultaneously. We therefore developed an additional assay that does not require the detection of fluorescent proteins.
Deep Sequencing Analysis of Cells Transfected with Reporter
Plasmids. To increase the potential number of reporters that can be detected in a single assay, we developed HCR-Seq, a method of distinguishing and quantifying multiple full-length reporter transcripts using next-generation sequencing. Two cell lines exhibiting a large difference in their NER capacity (GM02344 and GM01953) were selected for a direct comparison of DRC measured by HCR-Seq vs. FM-HCR (Fig. 5) . Each cell line was transfected with plasmid combination 7 ( Table 2 ), and at 18 h, cells were analyzed by both HCR-Seq and FM-HCR. Plasmid combination 7 included a modified GFP reporter containing a single site-specific cyclobutane pyrimidine dimer (CPD). This reporter was included to allow a focused analysis of possible transcriptional errors induced by a bulky DNA lesion.
For HCR-Seq analysis, total RNA was isolated and subjected to standard Illumina mRNA-Seq sample preparation and analysis (44) . A total of 358,281,302 reads were generated for two replicates of four multiplexed samples, with each replicate analyzed in a separate HiSeq lane (Table S1 ). Between 30 million and 50 million reads were assigned to each original sample. Of these, 315,574,792 reads (88%) mapped properly to genes annotated for the human genome plus the five reporter sequences. In each sequencing lane, all five reporter transcripts were detected for each of the four samples; each sequencing lane simultaneously measured expression levels for 20 reporters. Alignment statistics, the criteria used to define proper alignment, and reasons for excluding the remaining 12% of reads from subsequent analysis are detailed in Tables S2-S5 .
DNA Repair and Transcriptional Mutagenesis Detected by RNA
Sequencing. Relative transcript levels in WT (GM01953) vs. XPA (GM02344) cell lines were determined for both host genes and plasmid reporter genes. Plasmid reporters were found to be among the most highly expressed genes (Fig. S5A) . As expected, reporter expression from UV-treated plasmids was reduced in a dose-dependent manner (Fig. 6A) , and the reduced expression for the XPA cell line (GM02344) was far greater than that for WT cells (GM01953). More importantly, reporter transcript expression mirrored closely the dose-response curves obtained from the same transfected cells using FM-HCR (Fig. 6B) . Reporter expression from plasmids containing a single site-specific CPD in the transcribed strand likewise was reduced relative to that from undamaged plasmids (Fig. S5B) .
With respect to global gene expression in the transfected cells, fewer than 10 host transcripts showed a greater than twofold change in expression in the presence of UV-treated plasmids vs. undamaged plasmids (Table S5 ). Among these, only three (SMN1, RPL21, and RN5-8S1) were observed in both cell lines, but in no case was a change in the same direction observed for both replicates. Thus, no significant transcriptional response to the presence of DNA damage in plasmids was evident under our experimental conditions. However, consistent with the FM-HCR data (Fig. 2) suggesting higher MGMT activity in GM02344 cells compared with GM01953 cells, the mRNA-Seq data indicated an approximately threefold higher expression of the MGMT transcript in GM02344 vs. GM01953. Furthermore, XPA transcripts were expressed at lower levels in GM02344 vs. GM01953, and they were spliced correctly only rarely in GM02344 (Fig. S5C) . These data reproduce previously reported splicing errors in GM02344 due to a homozygous 555G > C mutation in the XPA gene (45) . Finally, to assess the potential for DNA contamination in RNA-Seq samples, the density of reads aligning to intergenic regions (which are not expected to be represented in transcripts) was compared with the density of reads aligning to exons, and the ratio of exonic/ intergenic reads was found to be greater than 1,000, indicating an RNA purity >99.9%.
Sequence-level analysis of mRNA-Seq data revealed base substitutions in reporter transcripts at the position corresponding to the site-specific CPD; this was true for both cell lines (Fig.  6C) . The most frequently observed base change, an A→G mutation at the 5′ adenine in the ApA sequence opposite the CPD (hereafter AA→GA), was detected at a frequency of 1.3% in cells with no known repair defect (GM01953) and 5.8% in NERdeficient GM02344 cells. In transcripts expressed from the undamaged plasmid, the frequency of the AA→GA mutations at this position was less than 0.2%. A potential experimental concern is that trace-contaminating plasmid DNA might be amplified during Illumina sample preparation, thus giving rise to DNA fragments with base substitutions due to error-prone CPD bypass by DNA polymerase. However, nearly identical frequencies for AA→GA mutations were found by using a second sample preparation method that excludes the possibility of contaminating lesion-containing plasmid (Fig. S5D) . It therefore appears that human RNA polymerase can bypass a thymine dimer in vivo, albeit in an error-prone manner.
AA→GA mutations also were induced in a dose-dependent manner in transcripts expressed from UV-irradiated reporter plasmids containing thymine dimers that were not site specific (Fig. 6D) . As expected for randomly induced DNA damage, the absolute frequency of the base substitution was much lower than that observed for transcripts expressed from the reporter with the site-specific thymine dimer. Once again, base changes occurred at a higher frequency in NER-deficient vs. WT cells. These data provide additional evidence for error-prone transcriptional bypass of thymine dimers.
Discussion
We have established new methods that enable rapid, highthroughput measurements of DRC for DNA lesions that either block RNA polymerase II-mediated transcription or alter the sequence of reporter transcripts. These methods do not require the generation of cell lysates or the use of in vitro assays and can measure in vivo DRC at multiple doses or in multiple repair pathways simultaneously. As a result, these assays outperform current methods of measuring DRC (20, 27) and have the potential to be used to personalize the prevention and treatment of cancer and other diseases caused by inefficient repair of DNA damage.
We have demonstrated an application of the FM-HCR to the question of whether NER capacity in human lymphoblastoid cells is representative of repair capacity in other tissues. Lymphoblastoid cells provide a convenient source of cells for use in human variability studies; however, the extent to which they represent a faithful surrogate for other cells in primary tissues has been called into question (46) (47) (48) . The present data indicate a strong correlation between NER capacity in primary human skin fibroblasts and transformed B-lymphoblastoid cells from the same individuals (Fig. 1L) . The strong correlation further illustrates that the assay can be carried out reproducibly in primary or transformed cells from multiple tissues.
To our knowledge, our use of HCR to measure combinations of NER, MMR, BER, NHEJ, HR, or MGMT capacity simultaneously is the first example of a quantitative assay capable of measuring repair of DNA damage by multiple distinct pathways in parallel. One of the strengths of FM-HCR is that it yields a single readout (fluorescence) in place of multiple unique outputs from very different experimental procedures that were used previously to characterize the same repair pathways in the cell lines for which data are presented (Figs. 2 and 3) (8, 32, 33, 35, 38, 49) . The fluorescent reporters for direct reversal of O
6
-MeG and BER of 8-oxoG illustrate the use of transcriptional mutagenesis to measure the repair of DNA lesions that are bypassed in an error-prone manner by RNA polymerase. This paradigm, in which the presence of a DNA lesion changes the expressed reporter sequence to one that encodes a functional protein, holds promise as a general method of measuring DRC, because a wide variety of toxic and mutagenic DNA lesions are known to induce transcriptional errors (50, 51) .
We have presented several applications of FM-HCR to demonstrate the broad utility of the assay. The flow-cytometric fluorescence-based FM-HCR method accurately reproduces data collected previously for a set of cell lines known to differ in NER capacity (8) . A screen of a much larger set of cell lines derived from apparently healthy individuals illustrates the potential to measure DRC efficiently in multiple pathways in large sample sets (Fig. 4A) and to identify agents that inhibit or enhance DRC (Fig. 4 C and D) . Screens for DRC inhibitors or enhancers are expected to identify some agents for which the mechanism of action is unknown; indeed, uncertainty remains as to the precise mechanisms by which arsenic and cadmium exposure lead to reduced DRC (41, 52) . In view of this uncertainty, the strength of FM-HCR lies in the ability to measure changes in DRC as an important functional endpoint.
By using multiple fluorescent reporters, a 96-well format, and automated flow-cytometric sample processing, FM-HCR is rapid and less labor intensive than the standard CAT-based HCR assay. For example, the total active laboratory time required to perform the analysis to generate the triplicate data in Fig. 1 B and C is ∼12 h, or 1-2 h per cell line, using flow cytometers equipped with a high-throughput sampler to enable automated data acquisition. In addition, experimental error is reduced by cotransfection of reporters, allowing normalization of expression from a damaged plasmid to that of an undamaged control plasmid included in every transfection. Through these technical improvements, FM-HCR removes a major barrier to epidemiological studies of DRC that include large populations and multiple DNA repair pathways. Furthermore, because standard oncology laboratories are equipped with flow cytometers, the assay also has the potential to be useful in a clinical setting.
The use of next-generation sequencing to essentially count reporter transcripts (HCR-Seq), rather than measuring their fluorescent translation products, presents an opportunity to increase throughput vastly and overcomes important limitations on assay throughput and versatility that otherwise are imposed by the need to detect fluorescent reporter proteins. We have validated the HCR-Seq approach by showing that HCR of UVirradiated plasmids analyzed by mRNA-Seq yields a pattern of dose-response curves similar to those obtained previously by using a CAT-based HCR assay (8) , as well as those obtained in the current study by FM-HCR analysis (Fig. 1) . Because nextgeneration sequencing may be used to quantitate the expression levels of thousands of transcripts simultaneously, our assay has the potential to measure expression of dozens of reporters for multiple individuals in a single experiment; this would make characterization of global DRC in large populations both efficient and affordable (SI Materials and Methods, Supplementary Note).
HCR-Seq constitutes a paradigm shift in the quantitation of DRC because of the ability to measure the repair of any lesion that either inhibits transcription or induces transcriptional mutagenesis. Base misincorporation opposite DNA lesions that are bypassed by DNA polymerase during replication has been studied extensively for many lesions (53) . Misincorporation during transcription by RNA polymerase has been documented for a growing number of lesions and often mirrors that of DNA polymerase during replication (54) . As a result, most mutagenic lesions may be expected to have a transcriptional mutagenic signature. The HCR-Seq strategy therefore should be useful in DRC measurements for nearly any pathway. The data in Fig. 6 also illustrate the power of this unbiased approach to detect rare events that are specific to transcription of damaged DNA.
The two major applications to human health that we foresee for these assays relate to personalized prevention and treatment of cancer. The available published data indicate that DRC is an important factor both in cancer susceptibility and in the efficacy of cancer treatment with DNA-damaging agents, and that plasmid-based HCR assays can be applied readily to primary human tissue samples, including stimulated peripheral blood mononuclear cells (8-11, 20, 27) . FM-HCR and HCR-Seq now open the door to a comprehensive analysis of DRC as a biomarker for disease susceptibility. For personalized disease prevention, FM-HCR might be applied to human blood cells to identify individuals who may have a higher risk of disease. In terms of personalized treatment, the assays might be used to measure DRC in blood cells to predict patient tolerance for a particular cancer therapy (55) , or to measure DRC in cancer cells to predict the efficacy of treatment with DNA-damaging chemotherapeutic agents in a manner analogous to using MGMT promoter methylation to predict the response of cancers to alkylating chemotherapy agents, such as temozolomide (56) . Indeed, the data in Fig. 4 show that FM-HCR data reproduce the results of a standard TaqMan qPCR assay for MGMT gene expression in lymphoblastoid cell lines. The functional FM-HCR and HCRSeq assays might be expected to outperform promoter methylation assays because (i) they provide a direct, quantitative readout of repair activity rather than an indirect estimate of DNA repair gene expression, and (ii) they provide data for repair capacity in additional pathways, such as MMR, which also contributes importantly to alkylation sensitivity (32) . Finally, the ability of FM-HCR to identify agents that either inhibit or enhance DRC in human cells (Fig. 4 C and D) opens the door to screens for novel compounds that might be used either to potentiate the effects of DNA damage-based anticancer agents or to mitigate the deleterious effects of environmental exposure to DNA-damaging agents (57) (58) (59) .
In addition to the possible clinical applications described above, HCR-Seq has the potential to reveal new biological Table 2 ). The undamaged case (0 J/m 2 ) refers to the frequency of mutations as measured in transcripts expressed from the BFP transfection control. D, data for cells transfected with reporters irradiated as indicated in Table 2 ; U, HCR-Seq data from cells in which all the reporter plasmids were undamaged; *, differences deemed to be statistically significant (P < 0.05) by a t test. See also Fig. S5 . phenomena in the basic research setting. The mRNA-Seq data presented here provide evidence that transcriptional errors result when human RNA polymerase II bypasses a CPD. Because the plasmids are not replicated in the cell, and transcript sequence changes were observed at an elevated rate in repairdeficient cells, these changes likely reflect transcriptional mutagenesis events due to unrepaired DNA lesions in the transcribed DNA strand. Although it was reported previously that in vivo bypass of a CPD by RNA polymerase may result in rare deletions, and that bypass of a bulky 8,5′-cyclo-2′-deoxyadenosine lesion may result in both deletions and base substitutions (60), our observation of frequent base misincorporation opposite a CPD by RNA polymerase II appears to be without precedent. A recent in vitro analysis indicated that transcriptional CPD bypass followed a so-called A-rule, resulting in error-free bypass (61); although base misincorporation was observed, subsequent extension of transcripts beyond the misincorporated base was strongly inhibited. The present data provide in vivo evidence of error-prone transcriptional bypass of bulky DNA lesions in human cells followed by completion and polyadenylation of the transcript. A lower limit (about 6%) for the frequency of bypass events resulting in an AA→GA mutation can be estimated from the data in Fig.  6C . Because it is expected that reporter plasmids that already have been repaired will be transcribed at a higher rate, and because error-free bypass (according to an A-rule) cannot be distinguished from transcripts arising from repaired plasmid, the rate of bypass likely is higher than 6%.
Conclusions FM-HCR and HCR-Seq represent powerful new tools for highthroughput measurements of human DRC and provide a rapid functional characterization that complements existing, indirect measures of DRC. FM-HCR permits the simultaneous measurement of repair for up to four different doses of DNA damage, or types of DNA damage, in a single assay. HCR-Seq has the potential to measure thousands of reporter sequences in a single assay, with bar codes providing unique identifiers for the type or dose of DNA damage as well as for the individual whose cells are being analyzed. Both methods expand the scope of lesions whose repair can be measured to include those that do not block transcription, and as additional substrates are developed, we anticipate that our assays will permit measurements of DRC in all the major DNA repair pathways in a single assay. Our assays hold an advantage over in vitro assays because the transcription-based reporters limit the readout to DNA that has been repaired in vivo in chromatinized DNA, thus increasing the likelihood of recapitulating physiological DNA repair phenotypes. The assays have the potential to reduce the cost and labor required for DRC measurements to a level compatible with large-scale epidemiological studies and clinical diagnostic/prognostic applications. The data presented herein also illustrate the utility of the assays as a research tool that can reveal mechanisms of DNA repair and damage tolerance and that may provide a means of screening chemical libraries for inhibitors or enhancers of DRC.
Materials and Methods
DNA Repair Reporter Plasmids. Detailed methodology for the construction of reporter plasmids and the methods used to transfect plasmids into cells may be found in Supporting Information (Figs. S2-S4) . Briefly, plasmids for expression of the fluorescent proteins AmCyan, EGFP, mOrange, and mPlum were purchased from Clontech, and that for tagBFP was purchased from Axxora. Reporter genes were subcloned into the pmaxCloning Vector (Lonza). NER reporters were prepared by irradiating plasmids with UV-C light. The resulting DNA damage prevents fluorescent reporter expression by blocking transcription; repair by NER restores reporter expression. The NHEJ reporter comprised a linearized fluorescent reporter; because doublestrand breaks constitute an absolute block to transcription, NHEJ-dependent recircularization of the plasmid is required to restore reporter expression. Flow Cytometry. Cells suspended in culture media were analyzed for fluorescence on a BD LSR II cytometer running FACSDiva software. Cell debris, doublets, and aggregates were excluded based on their side-scatter and forward-scatter properties. TO-PRO-3 was added to cells 5-10 min before analysis and was used to exclude dead cells from the analysis. The following fluorophores and their corresponding detectors (in parentheses) were used: tagBFP (Pacific Blue), AmCyan (AmCyan), EGFP (FITC), mOrange (phycoerythrin; PE), mPlum (PE-Cy5-5), and TO-PRO-3 (allophycocyanin; APC). The linear range for the corresponding photomultiplier tubes was determined using BD Rainbow fluorescent beads and unlabeled polystyrene beads based on the signal-to-noise ratio, % coefficient of variation, and M1/M2 parameters as previously described (62) . Compensation was set by using singlecolor controls. Regions corresponding to cells positive for each of the five fluorescent proteins were established by using single-color dropout controls. For reporters that required compensation in more than one detector channel, fluorescence in the reporter channel was plotted separately against each of the channels requiring compensation. Using these plots, both single controls and the dropout control (in which the reporter of interest was excluded from the transfection) were used to establish regions corresponding to positive cells (Fig. S1A) . Equations used to calculate fluorescent reporter expression are detailed in Supporting Information.
mRNA-Seq. Total RNA was isolated by using standard procedures detailed in Supporting Information. Total RNA samples were submitted to the Massachusetts Institute of Technology BioMicroCenter for preparation and sequencing. Briefly, total RNA was poly-A purified, fragmented, and converted to cDNA by using the Illumina TruSeq protocol. Library construction from cDNA was performed using the Beckman Coulter SPRIworks system. During library amplification, a unique bar code was introduced for each of the eight samples corresponding to the four transfections performed in duplicate (Table  S1 ) and from which total RNA was generated. Four samples from each replicate were clustered on a separate sequencing lane and run on an Illumina HiSeq 2000 instrument. Image analysis, base calling, and sequence alignment to a synthetic genome consisting of the human genome and the five fluorescent reporter genes were performed using the Illumina Pipeline. Aberrant expression of the XPA gene in GM02344 cells provided an internal confirmation of the identity of the cell lines; reduced expression and an expected lack of regular splicing-junction reads spanning intron 4 of the XPA gene from GM02344 was observed (Fig. S5C) , confirming a previously reported missplice in XPA transcripts due to the homozygous 555G > C mutation (45) . To ensure that trace DNA contamination of the RNA-Seq samples did not contribute significantly to the observed frequency of base substitutions in transcripts expressed from reporter plasmids (Fig. 6) , a second complementary sample preparation was performed and analyzed by Illumina sequencing. Details of the experimental procedures are available in Supporting Information; briefly, mRNA isolated from cells transfected with reporter plasmids was treated with DNase and reverse transcribed to generate a cDNA library. PCR amplification of reporter cDNA was not detected when mRNA that was not reverse transcribed was used as a template (Fig. S5D) , confirming cDNA as the template for PCR amplification, and hence ruling out significant plasmid contamination. Amplicons were fragmented and submitted for standard Illumina sample preparation.
Next-Generation Sequencing Data Analysis. Illumina sequencing data were analyzed using the Tuxedo software suite. Mapped reads were aligned to the hg19 human genome assembly and the five reporter gene sequences by using TopHat version 2.0.6, and junction reads were determined. Additional details of all analyses, including input parameters, are available in Tables S2-S5 . Cufflinks version 2.0.2 was run to quantify reads in terms of reads per kilobase of transcript per million mapped reads (RPKM) (63) . Samtools mpileup (version 0.1.16 r963:234) was used to aggregate reads at all positions in the alignment file. By using the pileup file as input, single-nucleotide variants, as well as insertions and deletions (indels) present in the mRNA-Seq data, were identified using the software package VarScan v2.3.4 (64) . All positions meeting a minimum read depth of 8 were considered further; however, no minimum variant frequency threshold was set to detect rare variants and to establish the sequencing error rate. Custom Python scripts were used to generate a list of all deletions spanning an ApA sequence. The frequencies for base substitutions at each ApA sequence in the reporter transcripts also were determined.
Statistics. Statistics were performed with the GraphPad Prism 5.0 software package. The correlations between datasets in Figs. 1 and 4 were assessed by using a linear regression model that reports R 2 for the goodness of fit and a P value for the slope of the line being significantly different from zero. The P values in Fig. 6 were calculated from a two-tailed unpaired t test. Error bars in Figs. 1-5 report the SD of at least three biological replicates.
